Green-light-emission InGaN / GaN multiple quantum wells ͑MQWs͒ with different polarities were grown by metal organic chemical vapor deposition. A clear phase separation was observed both in the Ga-and N-polarity samples by high resolution transmission electron microscopy, corresponding to two InGaN-related emissions ͑In-rich dots and an InGaN matrix͒ seen in photoluminescence spectra. The dot-related emission in the Ga-polarity MQWs shows stronger carrier localization, as well as a weak influence of defects and temperature insensitivity, when compared to the N-polarity MQWs. In addition, efficient carrier transport, from the low-indium InGaN matrix to high-indium In-rich dots, was observed in the Ga-polarity structure, enhancing the function of quantum-dot structures with Ga polarity, and resulting in a high quantum yield of green light emission. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2360247͔
Alloys of In 1−x Ga x N have been shown to be a promising material system for the fabrication of high brightness light emitting diodes and laser diodes.
1 Recently, many studies have indicated that the energy band gap of InN is about 0.7 eV.
2 Thus, by tuning the indium composition in an InGaN alloy, the whole visible spectral range covered by the nitride system can be realized. Although the large lattice mismatch between a sapphire substrate and InGaN epitaxial layers results in a high density of defects, a high quantum yield is still often observed in InGaN / GaN multiple quantum wells ͑MQWs͒. This phenomenon has been widely ascribed to the self-formed In-rich clusters in the InGaN films, in which these In-rich regions are regarded as quantum dots ͑QDs͒. Therefore, due to carrier localization, the optical behaviors of the InGaN QW structures have remained an area of intensive research. Although the carrier transitions in InGaN epilayers have been extensively studied, the effects of film polarity on the optical properties of the phase-separated InGaN MQWs are still not clearly understood.
In this letter, the effects of the material polarity on the optical properties of green InGaN / GaN MQWs, under phase separation, are here reported. We demonstrate that the QDrelated emission, in the Ga-polarity structure, possesses higher thermal stability and more deeply localized states than does the N-polarity structure based on photoluminescence ͑PL͒ results. More importantly, the efficient carrier transfer, through channels between InGaN matrix and QDs, was also only observed in the sample with Ga polarity by timeresolved PL ͑TRPL͒ analysis.
The samples studied in this work were grown on c-plane sapphire substrates by metal organic chemical vapor deposition. The sample with Ga polarity, S-Ga, consists of a 30-nm-thick GaN nucleation layer followed by a 4 m n-type GaN layer doped with Si, then seven periods of InGaN ͑2 nm͒/GaN ͑20 nm͒ MQWs, and finally a 0.2 m p-type GaN layer doped with Mg. The growth temperatures for the InGaN wells and GaN barriers were 860 and 760°C, respectively. The growth conditions of the sample with N polarity, S-N, were the same as for sample S-Ga, except for slight Mg doping in the GaN buffer layer. The electron concentration of the GaN buffer layer of sample S-Ga is about 8 ϫ 10 18 cm −3 , and that of sample S-N is about 4 ϫ 10 18 cm −3 . High-resolution x-ray diffraction ͑HRXRD͒ results indicate that both samples have the same sharp InGaN / GaN interfaces and the same average indium composition of 33± 2% ͑Fig. S1 in the supporting materials͒. The microstructure of the samples was characterized by means of high-resolution transmission electron microscopy ͑HRTEM͒. Continuous-wave PL measurements were performed by using a 325 nm line of a 23 mW He-Cd laser as the excitation source. For the TRPL measurements, a 408 nm pulsed diode laser with a frequency of 2.5 MHz was used to excite only the QWs excluding the GaN barriers, while the luminescence decay was measured with a time-correlated single photon counting system. Figures 1͑a͒ and 1͑b͒ show scanning electron microscopy ͑SEM͒ images of samples S-Ga and S-N upon chemical etching in an 8.8M H 3 PO 4 solution. While no change in the surface morphology is observed for sample S-Ga, that of the S-N sample is, however, dramatically roughened, indicating the Ga-polarity and N-polarity natures associated with samples S-Ga and S-N, respectively. show HRTEM bright-field images of both samples taken under a ͑0002͒ two beam condition. In Fig. 2͑a͒ , there exists a uniform and dense distribution of blobs with strong black and white contrasts inside the wells, implying strong strain contrast, which may result from coherent interfaces between In-rich QDs and the surrounding InGaN matrix. This speculation was further verified by distorted coherent lattice fringes from the HRTEM image after inverse Fourier transformations with selective reflections, as shown in the inset of Fig. 2͑a͒ . The size and indium content of the dots were estimated to be about 2 ± 0.1 nm and 59%, respectively, based on the previous report. 4 The phase separation was also observed in the S-N sample, as shown in Fig. 2͑b͒ , in which the contrast around the In-rich regions was not as apparent as that in the S-Ga sample. Unlike sample S-Ga, some interruptions of the lattice fringes were found within the InGaN layers of sample S-N from the inverse Fourier transformation image ͓the inset of Fig. 2͑b͔͒ . This indicates that considerable strain was relaxed by introducing defects to the interfaces between the In-rich regions and surrounding matrix in sample S-N.
The temperature-dependent PL spectra of the S-Ga and S-N samples are shown in Figs. 3͑a͒ and 3͑b͒, respectively, in which the Gaussian fitting was used to remove the FabryPérot fringes to obtain the accurate peak positions ͑Fig. S2 in the supporting materials͒. At 20 K, the sample S-Ga shows a strong peak at 2.401 eV ͑P GQ ͒, with the full width at half maximum ͑FWHM͒ of 120 meV, which is assigned to the QD-related emission, according to the HRTEM results. On the other hand, the peak that appears to be weak at the high energy side of 2.757 eV ͑P GM ͒ is assigned to the InGaN matrix. The peak P GQ is always the dominant band in the PL spectra from 20 to 300 K. As for the S-N sample, these two emissions are also observed in the PL spectra; however, the InGaN matrix-related peak ͑P NM ͒ is the main emission at low temperatures. Nevertheless, the dominance of the peak is gradually changed, from the peak P NM to the QD-related peak ͑P NQ ͒, with the increase of temperature. Compared to the peak P GQ , the emission energy of the peak P NQ at 20 K is redshifted to 2.378 eV, with a broader FWHM of 188 meV, a result which can be attributed to a weaker screening effect in sample S-N due to the lower hole concentration. The peak positions against temperature for two emissions from the S-Ga and S-N samples are summarized in the insets of Figs. 3͑a͒ and 3͑b͒, respectively. Interestingly, both InGaN matrixrelated emissions, P GM and P NM , exhibit an S-shaped transition with temperature increase. This could be attributed to the potential inhomogeneity from composition fluctuations.
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For the QD peak of sample S-Ga, P GQ , the emission energy is first redshifted by 14 meV, when the temperature increases from 20 to 80 K due to the relaxation of carriers into the potential minima, and then becomes temperature independent with a further increase up to 300 K. The phenomenon of temperature insensitivity is an important characteristic of the QD structures. On the other hand, the QD peak of the S-N sample, P NQ , shows the S-shaped transition at the 20-200 K range, followed by another blueshift segment above 200 K. This reflects a weaker carrier localization of the QD emission in the N-polarity sample, which may be due to extensive band-tail states as known from the aforementioned broader FWHM of the PL spectra.
The Arrhenius plots of the temperature dependence of the integrated PL intensities, from these four peaks, are shown in Fig. 4 . Except for the peak P GQ , the integrated intensities of the peaks P GM , P NQ , and P NM change little at low temperatures, but decrease more rapidly at the hightemperature range, suggesting two nonradiative recombination centers responsible for the low and high temperature ranges, respectively. The calculation of the activation energy in the thermal activated processes is generally given as
where E ai and ␣ i are the activation energy and process rate parameter, respectively, of the corresponding nonradiative recombination center and k B is Boltzmann's constant. Except for the peak P GQ , the best fits of other peaks are obtained only if two nonradiative channels are included ͑Fig. S3 in the supporting materials͒.
The extracted values and internal quantum efficiency ͑ in ͒ for all the peaks are summarized in Table I . The activation energy of the peak P GQ is 35.4 meV, which is related to the confining barrier from strong indium aggregation. This is about four times larger than that of the low-temperature decay channel of 9.6 meV for the peak P NQ . As for the InGaN matrix emissions, the activation energies of the first thermal quenching channels for low temperatures responsible for the peaks P GM and P NM are 10.0 and 9.4 meV, respectively, which are reasonably related to the thermal barriers from slight composition fluctuations within the InGaN matrix, as based on the observations of the S-shaped transitions. In addition, it is also found that the activation energies E a2 for the peaks P GM , P NQ , and P NM are in a similar scale of about 40-45 meV, implying that the origins of the nonradiative centers at high temperatures are the same. The activation energies are smaller than the binding energy of the excitons in the QW structures, 7 and therefore the nonradiative centers at high temperatures could be linked to defects. A large rate constant of 333.2 is observed for the peak P NM , indicative of high concentrations of dislocations. This may primarily result from the poor interfaces, as suggested previously in HR-TEM images, and thus reduces the confinement ability of the QD structure with a small barrier height of 9.6 meV. These results clearly demonstrate a low disturbance by dislocations and better quantum confinement of the QD structure in the Ga-polarity InGaN MQWs.
Since the QD regions and InGaN matrix show different degrees of carrier localization, some transfer channels possibly form between them. TRPL experiments were carried out for all emissions to elucidate the carrier dynamics and transfer processes. Low-temperature ͑20 K͒ temporal variations of PL intensity at several photon energies ͑on lower and higher energy sides of a peak͒ for the S-Ga and S-N samples are shown in Figs. 5͑a͒ and 5͑b͒ , respectively. Due to the nonexponential decay with time, for simplicity, 10 is used to characterize the decay, which is defined as the time elapsing from intensity maximum to its 1 / 10. The 10 value increases with decreasing photon energy for four peaks, which is the character of the localized system. The longer carrier lifetimes of the QD emission in sample S-N were attributed to the larger piezoelectric field that is not efficiently screened by photogenerated carriers, due to the observation of its blueshift behavior resulting from the increase of the excitation power density ͑Fig. S4 in the supporting materials͒. In addition, the spectra measured at the InGaN matrix emission energies of the S-Ga sample exhibit multiple-exponential decay, including a relatively fast decay in the early stage and a slower decay in the extended stage. The fast decay behavior gradually disappears with a decrease of the detection energy, which provides supporting evidence that the carriers generated in the lower-In-content regions ͑InGaN matrix͒ transfer into the higher-In-content regions ͑QDs͒, which results in the intense emission and the higher in of 21.5% of the green light emission in the S-Ga sample. However, for the S-N sample, while the multiple decay is not obvious in the InGaN matrix related spectra, yet it is apparent in the QD-related spectra. This indicates that no efficient transfer channels formed between these two distinct regions in the S-N sample. This may be caused by the interface dislocations, and makes that the emission from the InGaN matrix is the dominant band at 20 K. It should also be noted that the carrier transfer, within the QDs regions of the S-N sample, may result from the extensive band-tail states with individual weak barriers.
In summary, we demonstrated that the QD emission in the Ga-polarity InGaN MQWs under phase separation shows higher thermal stability, less disturbance by defects, and deeper localized states than do the N-polarity MQWs. The carrier transport process from the InGaN matrix to In-rich QDs is observed in the Ga-polarity structure, but not in the N-polarity one, which enhances the function of the QD structures and results in the high luminescence efficiency ͑21.5%͒ of the green light emission. 
